Due to the particle nature of carriers, the fluctuation of charge current gives rise to the notion of shot noise. 1 The correlation properties of current are important because they provide further information for transport in addition to that contained in the average current. 2 An example is the determination of quasiparticle charge in the fractional quantum Hall effect by measuring both the power of shot noise S ϭ2QĪ e and the average electric current Ī e , deducing 3 Q ϭe/3. Similarly, for charge-current correlation in normalsuperconductor tunnel junctions, 4 measurements 6 of shot noise determines Qϭ2e, the charge of Cooper pairs. A useful quantity in analyzing shot noise is the Fano factor F ϵS/(2eĪ e ), which detects open quantum channels in a device. 1 For a normal system, the current correlation between different probes ͑cross correlation͒ is negative for fermions and positive for bosons. 2, 5 So far all theoretical and experimental attention has been devoted to correlations of charge current. In this paper, we theoretically study the correlation of spin current in the absence of charge current. Experimentally, the flow of a pure spin-current without an accompanying charge current has been realized very recently 7 in a semiconductor heterostructure, by pushing spin-up electrons to move in one direction and an equal number of spin-down electrons to move in the opposite direction. Thereby the net charge current vanishes because I e ϭe(I ↑ ϩI ↓ )ϭ0, and a finite spin current results because I s ϭs(I ↑ ϪI ↓ ) 0. Here (I ↑ ,I ↓ ) are the electron current for spin-up and spin-down channels, respectively, and s is the spin of carriers. The possibility of flowing pure spin current without charge current has also been investigated theoretically. [8] [9] [10] [11] In this work we show that the shot noise of spin current contains additional physics to that of the average spin current itself. In particular, we found that by measuring the Fano factor of a spin current, it is possible to determine the spin unit that is transported. This is useful not only from a spintronics practical point of view, but also from a fundamental science perspective: determining the granularity of the spin unit in quantum transport is important in strongly correlated phenomena and quantum information processing. 12 We also found that the Fano factor helps to
determine ''open'' spin transport channels of a device. Furthermore, because spin current may not be conserved, its shot noise has a more complicated behavior than that of charge current.
To investigate shot noise of spin current, we need a device which generates it. We adopt the spin pump device analyzed in Ref. 10 for this purpose. The operation principle 10 of the spin pump is summarized in Fig. 1͑a͒ . Briefly, it consists of a quantum scattering region in contact with two leads having the same electrochemical potential . For simplicity, we consider a single spin-degenerate level ⑀ in the device and neglect electron-electron interaction. An external rotating magnetic field, say counterclockwise, B(t) ϭB o ͓sin cos t iϩsin sin t jϩcos k͔, is applied, and its z component provides a Zeeman splitting so that ⑀ ↑ ϵ⑀ ϩB o cos and ⑀ ↓ ϵ⑀ϪB o cos . Here the spin index ϵϮ1 ϵ↑↓ ͑and ϵϪ). By adjusting a gate voltage v g to tune the energy level ⑀, the energy diagram of Fig. 1͑a͒ is established: ⑀ ↓ ϽϽ⑀ ↑ . A spin-down electron can now flow into the scattering region because ⑀ ↓ Ͻ. It then absorbs a photon, flips its spin due to the time-dependent counterclockwise rotating field, and makes a transition to the ⑀ ↑ level from which it flows out of the scattering region because ⑀ ↑ Ͼ. Therefore, spin-down electrons flow toward the device while spin-up electrons flow away from it, hence in the leads we have opposite motion of the spin-up/down electrons. This way, a pure spin current is flowing away from the device in the absence of charge current. More details of the spin pump are found in Ref. 10 , but here we investigate the shot noise of the spin current.
The spin pump is described by the following Hamiltonian:
The first term stands for noninteracting electrons in lead ␣ ϭL,R and C k␣ † is the creation operator. The same chemical potential is set for both leads. The second term describes the scattering region of the spin pump, which is characterized by energy level ⑀ and spin . The term proportional to ␥ is the applied rotating magnetic field discussed above, which provides the driving force for the spin current. 10 The last term gives tunneling between the leads and the scattering region with tunneling matrix T k␣ .
To analyze the noise spectrum of spin current, we define a spin-dependent particle current operator (បϭ1),
where the second equal sign is obtained by applying the Heisenberg equation of motion using Hamiltonian ͑1͒. Then the charge-current operator is obtained from Eq. ͑2͒ as Î ␣,e ϭe ͚ Ĵ ␣, , and the spin-current operator is Î ␣,s ϭs(Ĵ ␣,↑ ϪĴ ␣,↓ ). We define the following correlation between spindependent particle currents in leads ␣,␤:
where 13 Briefly, after substituting Eq. ͑2͒ into Eq. ͑3͒,
where G r,a is the retarded/advanced Green's function. 13 The self-energy ⌺ Ͻ ϭ ͚ ␣ i f ␣ ⌫ ␣ , where f ␣ is the Fermi distribution of lead ␣ and ⌫ ␣ is the linewidth of the coupling between the device and lead ␣. 13 In other words, S ␣␤ Ј can be written in a general form in terms of the Green's functions of a problem.
For the spin-pump Hamiltonian ͑1͒, the Green's functions were already derived exactly before: 10 
where ⌫ϵ⌫ L ϩ⌫ R . For shot noise of spin current, we need to distinguish between cross correlation ͑between left and right leads͒ and autocorrelation ͑between the same lead͒. The reason is because a spin current may not be conserved due to spin-flip mechanisms in a device. This is different from that of the charge current of a two-probe system where these two correlations only differ by a sign due to charge conservation. The cross correlation of spin current is found to be
and the autocorrelation is found to be
Here G Ј r is given by Eq. ͑4͒, and f ↑ ϭ f ↑ (E) and f ↓ ϭ f ↓ (EϪ) are the Fermi distribution functions.
Expressions ͑5͒, ͑6͒ are valid for arbitrary frequency . At low temperature and in the adiabatic limit →0, using Eq. ͑4͒, Eqs. ͑5͒, ͑6͒ are reduced to
where Aϵ⌫ L /⌫Ͻ1 gives a measure of the device symmetry, and the quantity T o is defined as
͑9͒
In fact, T o is the transmission coefficient of the spin pump for a single spin channel 10 same expression is true except that ⑀ 2 in Eq. ͑9͒ is replaced by ⑀ ↑ ⑀ ↓ . Hence, the cross correlation S spin,1 can be positive, negative, and even zero, depending on a number of parameters, namely the gate voltage which controls the energy level position ⑀, the linewidth function ⌫, the symmetry of the device ͑parameter A), and the external magnetic-field strength ␥. Of course, the autocorrelation is always positive definite because T o рA ͓from Eq. ͑9͔͒. When the cross correlation is zero, the autocorrelation has a value s 2 ⌫ L /(2⌫). We now discuss the properties of the shot noise of spin current.
First, we discuss the Fano factors of shot noise which reveal the transported spin unit. For spin current, two Fano factors must be defined: F 1 ϭS spin,1 /2I s and F 2 ϭS spin,2 /2I s . The spin current generated by the spin pump is given by the transmission coefficient T o , I s ϭ2(s/2)T o , where the factor 2 is due to the two spin channels. Therefore, the Fano factors are
This gives a very interesting prediction for devices having small transparency to transport (T o Ӷ1):
and F 2 Ϸ(s/2)(1ϩA). For symmetric device Aϭ1/2, hence F 1 Ϸs/4 while F 2 Ϸ3s/4. In other words, there is a ''universal'' regime where both F 1 and F 2 give the transferred spin s but their ratio is a universal number 3. This is a useful result because it provides a practical way to measure the quasiparticle spin of the spin current. For asymmetric devices, the ratio F 1 /F 2 Ϸ(1ϪA)/(1ϩA) which depends on, and therefore can be used to measure, the relative coupling strength ⌫ L /⌫. For the spin pump, the small transparency limit (T o Ӷ1 limit͒ can be achieved by tuning the gate voltage v g such that the energy level ͉⑀͉ϳ͉ev g ͉ is much greater that the linewidth ⌫. Figures 1͑b͒-1͑d͒ plot the Fano factors in unit of transferred spin s versus gate voltage v g . The two dips in the Fano factors are due to resonance transmission, 14 but away from the resonance is the universal regime.
Next, we found that the shot noise itself has interesting and complicated behavior, as shown in Fig. 2 for the cross correlation S spin,1 of Eq. ͑7͒. Because of the spin-flip mechanism, both spin-up and spin-down electrons contribute to spin current. The cross correlation between spin-up electrons is found to be negative definite, and the same is true for spin-down electrons, but it is positive definite between the spin-up and the spin-down electrons. The competition between these contributions gives rise to either a positive or a negative overall cross correlation. Such a complicated behavior is qualitatively different from the correlation in charge current. Interestingly, as one varies the ratio ⌫/(2␥), different line shapes are possible for the cross correlation Eq. ͑7͒: ͑i͒ strong coupling: ⌫/2Ͼ(2ϩͱ3)␥, the cross correlation is positive definite with a broad peak at ⑀ϭ0 ͑inset of Fig. 2͒ ; ͑ii͒ as ⌫ is decreased such that ␥Ͻ⌫/2Ͻ(2ϩͱ3)␥, this positive peak at ⑀ϭ0 changes to a local minimum sandwiched between a double peak structure 14 ͑solid line in Fig.  2͒ ; ͑iii͒ as ⌫ is decreased further, ␥Ͼ⌫/2Ͼ(2Ϫͱ3)␥, a third peak emerges at ⑀ϭ0 ͑dotted line͒; ͑iv͒ finally, in the weak-coupling regime ⌫/2Ͻ(2Ϫͱ3)␥, the third peak splits ͑dashed line in Fig. 2͒ . Despite this rather complicated line shape, the main conclusion is that cross correlation of spin current has large reductions at resonance transmission, hence it can be useful in detecting open channels of spin-current transport. This is similar to the sub-Poissonian shot noise of charge current, which is useful in detecting open transmission channels. 15 Equations ͑5͒ and ͑6͒ together with Eq. ͑4͒ allow the investigation of spin-current correlation in the nonadiabatic regime ( 0), plotted in Fig. 3 . As a function of frequency, the shot noise shows an oscillatory behavior between positive and negative values due to photon-assisted processes. Interestingly, for 0, the noise becomes asymmetric with respect to the gate voltage, as shown in the inset of Fig. 3 for three different frequencies. By increasing from ϭ0.01 ͑solid line͒ to ϭ0.02 ͑dotted line͒ and finally to ϭ0.03, the cross correlation changes from largely negative values to completely positive definite ones.
Although the net charge current is identically zero, there is still a shot noise of charge current due to the opposite flow of spin-up and spin-down electrons. This shot noise ͑cross correlation͒ can be easily calculated,
where the last equality is true for the adiabatic limit at low temperatures and T o is given by Eq. ͑9͒. As expected, S e is always negative. The autocorrelation is obtained by setting 
This is the expected result for charge current which is a conserved quantity, i.e., I L ϩI R ϭ0. Experimentally, 16 the quantum partition noise of a point contact has already been observed in the absence of bias voltage so that the average charge current is identically zero.
Finally, we show that the adiabatic limit shot noise of spin current can also be obtained from a scattering matrix approach 1 In summary, we have analyzed the shot noise of spin current without an accompanying charge current. We apply the theory to a spin pump device and derived exact expressions for the shot-noise spectra. Both cross and autocorrelations are necessary in order to characterize spin-current noise. The corresponding Fano factors F 1 and F 2 have an interesting universal limit away from resonance transmission, F 1 Ϸs/4 and F 2 Ϸ3s/4, so that by measuring the shot noise one can determine the spin unit of the quasiparticle that is transported. It is also found that shot noise detects open transport channels by having a resonance behavior.
